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CONGENITAL HEART DISEASE

Non-invasive assessment of ventricular force—frequency
relations in the univentricular circulation by tissue Doppler
echocardiography: a novel method of assessing myocardial
performance in congenital heart disease
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Obijective: To describe the first clinical application of a novel tissue Doppler derived index of contractility,
isovolumic acceleration (IVA), in the assessment of the ventricular myocardial force—frequency relation
(FFR) in the univentricular heart (UVH).

Design: Prospective study.

Setting: Tertiary referral centre.

Interventions: Non-invasive assessment of the myocardial FFR by tissue Doppler echocardiography during
atrial pacing.

Results: IVA was used to measure the FFR of the systemic ventricle in patients with structurally normal
hearts and in patients with UVHs. Basal IVA of the normal hearts (mean (SD) 1.9 (0.3) m/s?) was
significantly greater than that of UVHs in patients with a dominant right ventricle (RV) (1.0 (0.3) m/s?) or
left ventricle (LV) (0.8 (0.7) m/s?; p < 0.05 for both). Neither the absolute nor percentage change from
basal to peak values of IVA with pacing differed between the three groups. Peak force developed by the
normal LV was significantly greater than that of the UVH, dominant LV group but not different from that of
the UVH, dominant RV group.

Conclusion: Contractility at basal heart rate is depressed in patients with UVH compared with the normal
LV. Analysis of ventricular FFRs exposes further differences in myocardial contractility. There is no evidence
that contractile function of the dominant RV is inferior to that of the dominant LV over a physiological range

of heart rates.

ventricular (LV) function have been observed after the
Fontan operation. Whereas the diastolic abnormalities
persist and may worsen with time,” preoperative systolic
dysfunction measured by the end systolic wall stress velocity
of circumferential fibres shortening corrected for rate has
been shown to normalise at early follow up.' ® Our ability to
detect intrinsic myocardial disease in these geometrically
complex and physiologically abnormal ventricles is limited,
however. Indices derived from ejection phase measurements
are inherently load dependent and can rarely take account of
the effects of important co-related phenomena such as the
influence of heart rate. The situation is even more complex
when the dominant chamber is the right ventricle (RV).
Improving results of the Norwood procedure for hypoplas-
tic left heart syndrome have meant that increasing numbers
of survivors reach completion of the Fontan circulation.
Intuitively it might be thought that the systemic morpholo-
gical RV performs less well than the systemic morphological
LV. Data suggest that, although ejection phase indices are at
most uniformly lower than those for the LV, contractile
performance of the systemic RV is not a limiting factor in the
biventricular circulation of post-Mustard patients” and is not
a risk factor for poor early and mid term outcome after the
Fontan procedure.® ” Furthermore, data from in vitro studies
show that the velocity of shortening and timing of isometric
contractile force of RV muscle are superior to those of the
LV." Comparison of myocardial performance in systemic LV
and RV will, necessarily, be flawed. Isovolumic acceleration
(IVA), an index of contractile force that takes account of the
changes in heart rate and is relatively independent of changes
in load, may offer the most robust non-invasive index of LV"

ﬁ bnormalities of systolic' > and diastolic’ * systemic left
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and RV" contractile function. In this study we examine, for
the first time using this method, the myocardial force—
frequency relation (FFR) in patients with a univentricular
heart (UVH) to compare the relative contractile properties of
the systemic LV and RV.

METHODS

Patients

The study protocol was approved by the institution’s research
ethics board. Informed consent was obtained before enrol-
ment in the study. All patients were studied under general
anaesthesia at the time of cardiac catheterisation or surgical
repair. Muscle relaxants were routinely used in the operating
room and in the majority of patients studied in the
catheterisation laboratory. Anaesthesia was maintained with
a combination of intravenous fentanyl and inhaled isoflurane
or an infusion of propofol. The control group consisted of
patients with otherwise structurally normal hearts under-
going electrophysiological studies for re-entrant pathways
and were studied after successful ablation. Patients with a
UVH were studied at the time of diagnostic cardiac
catheterisation or immediately preoperatively in the operat-
ing room. Patients with significant systemic to pulmonary
collaterals, surgically created systemic to pulmonary shunts,
or more than a moderate degree of atrioventricular valve
regurgitation were excluded.

Abbreviations: FFR, force—frequency relation; IVA, isovolumic
acceleration; IVV, isovolumic contraction; LV, left ventricle; RV, right
ventricle; S velocity, ejection phase velocity; TDI, tissue Doppler imaging;
UVH, univentricular heart
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Echocardiography

Our method has been previously described.' ** Briefly, tissue
Doppler imaging (TDI) was performed with a System V
ultrasound scanner (GE Vingmed, Horten, Norway) and a
5 MHz probe. The heart was imaged from a transthoracic
apical four chamber view. Imaging parameters were opti-
mised to yield the highest frame rate possible (> 165 frames/
s). Pulse repetition frequency was set at the lowest possible
value without aliasing. Colour coded myocardial velocities
were recorded from the basal mid-wall immediately below
(0.5 cm) the insertion of the mural leaflet of the atrioven-
tricular valve of the dominant ventricle in patients with UVHs
and of the LV in patients with structurally normal hearts.
Velocities were recorded simultaneously with ECG. A
cineloop of at least three consecutive cardiac cycles coinciding
with end expiration was stored digitally for offline analysis.

Pacing protocol

Patients undergoing electrophysiological studies were paced
through the right atrium with endocardial catheters con-
nected to a pulse generator (Model 5328; Medtronic,
Minnesota, USA). Patients with UVHs were paced by the
transoesophageal route with a 5 French bipolar catheter
(TAPCATH 205, CardioCommand, Inc, Tampa, Florida, USA)
connected to a high output pulse generator (Model 2380,
Medtronic). The pulse width was set to 10 ms. The optimum
depth of insertion was judged from the size of the atrial
signal.” Echocardiographic measurements were made at the
resting non-paced heart rate and during atrial pacing from
the resting heart rate plus 5 beats/min up to a maximum of
200 beats/min in increments of 10 beats/min. Studies were
stopped if systemic blood pressure decreased by 30% of
baseline or atrioventricular block developed.

Data analysis

Echopac software (GE Vingmed) was used to analyse the
stored TDI data by our previously described method." '* The
sample volume (1 x 1 pixel) was placed in the middle of the
myocardium at the basal free wall of the dominant ventricle
in patients with UVHs and of the LV free wall in patients with
structurally normal hearts. The resulting Doppler spectral
was displayed and analysed with commercially available
software (Echopac, GE Vingmed). Data points were
smoothed with a three point moving average filter. Peak
myocardial velocities during isovolumic contraction (IVV)
and systolic ejection (s wave), and IVA were measured with
electronic calipers. Acceleration was calculated as the
difference between baseline and peak velocities divided by
their time interval."' ** Display of the TDI data within the
analysis package was optimised by maximally expanding
both axes for each beat to minimise measurement error.

Statistical analysis

Data are expressed as mean (SD). Ages and basal and peak
tissue Doppler values were compared by ¢ test or one way
analysis of variance with post hoc Bonferroni multiple
comparison as appropriate. Correlation between these vari-
ables was assessed by the Pearson method. Measurements of
TDI derived FFR for the different patients groups were
compared by mixed linear regression for repeated measures
(SAS; SAS Institute Inc, Cary, North Carolina, USA). A
probability value of p < 0.05 was considered significant.

RESULTS
Patients
Transoesophageal pacing was attempted in 39 patients with
UVH and was successful in 37. One patient with aortic and
mitral atresia and LV hypoplasia had moderately severe
tricuspid incompetence. This patient was excluded from
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further analysis leaving 36 patients with functionally single
ventricles. Table 1 shows the morphological diagnoses of
these patients. In total, 13 patients with structurally normal
hearts (mean (SD) age 12.4 (4.8) years), 19 with UVH,
dominant LV (mean age 6.9 (5.3) years), and 17 with UVH,
dominant RV (mean age 4.4 (1.5) years) were successfully
studied. While the ages of the LV and RV patients were not
significantly different (p > 0.05), the normal patient group
were significantly older than patients with UVH, dominant
RV (p <0.001) and those with UVH, dominant LV
(p < 0.01). Of the UVH, dominant LV group, 10 had
undergone previous Fontan completion compared with five
of the UVH, dominant RV group. None of the children with
UVH had a significant systemic to pulmonary shunt. All
patients were normotensive. Of the patients with UVH, eight
with dominant RV were receiving ACE inhibitors, whereas six
of those with a dominant LV were receiving ACE inhibitors
and two were receiving digoxin.

There were no significant correlations between age and
either basal (r = —0.23, p = 0.2) or peak IVA (r= —0.20,
p = 0.2). There were no differences between UVH patients
before and after Fontan completion for either basal (1.2 (0.5)
v 1.1 (0.6), respectively, p = 0.6) or peak IVA (4.7 (1.7) v 4.9
(1.9), respectively, p = 0.8).

Force-frequency relations

Data acquired at rates faster than 170 beats/min were
excluded, since we were able to achieve these rates in only
a small number of patients due to either atrioventricular
block or a significant decrease in blood pressure. Owing to
the variability of resting heart rates, a paced rate of 90 beats/
min was used as the basal heart rate. IVA (fig 1) measured at
basal heart rate was significantly greater in the patients with
normal hearts (1.9 90.3) m/s?) than in the patients with
UVH, dominant RV (1.0 (0.3) m/s?) and with UVH, dominant
LV (0.8 (0.7) m/s>, p = 0.008, one way analysis of variance).
IVA did not differ significantly at the basal heart rate
between the two groups of patients with UVHs. The
maximum recorded IVA for the normal hearts, UVH,
dominant RV, and UVH, dominant LV were 6.4 (1.3), 4.5
(1.9), and 4.0 (1.9) m/s?, respectively. Although peak IVA did
not differ significantly between the UVH, dominant RV and
UVH, dominant LV groups or between the UVH, dominant
RV and normal groups, peak force generated by the UVH,
dominant LV group was significantly depressed in compar-
ison with the normal group (p < 0.05). The optimal heart
rate—that is, the rate at which maximum force was
achieved—was 160 beats/min in both the normal and the
UVH, dominant RV groups. The optimal heart rate of the
UVH, dominant LV group could not be determined from
these data.

Since age at the time of the study was a significantly
dependent variable, this was corrected for by using the
logarithm of age in further analysis. There was no significant
difference whether patients were studied at the time of
cardiac catheterisation or immediately preoperatively.
Furthermore, there was no significant difference between
whether patients were studied with a Glenn or a completed
Fontan circulation. Mixed linear regression for repeated
measures of IVA showed that the normal group significantly
outperformed the groups of patients with functionally single
ventricles (p = 0.001). There was a non-significant trend for
the UVH, dominant RV group to outperform the UVH,
dominant LV group (p = 0.09). Neither the absolute nor
percentage changes from basal to peak values of IVA
(p = 0.24 and p = 0.055, respectively, one way analysis of
variance) (fig 2) with increasing rate of stimulation, however,
were significantly different in the three groups.
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Table 1 Diagnoses, medications, and ages of patients with univentricular heart (UVH)

UVH, dominant LV (n=19) UVH, dominant RV (n=17)

Age (years) 6.9 (5.3) 4.4 (1.5)

Diagnosis  Pulmonary afresia, intact septum (3) Mitral atresia with aortic stenosis/atresia (10)
Double inlet LV, VA discordance (%) Double outlet RV (&)
Tricuspid atresia, VA concordance (6) Unbalanced AVSD (2)
Unbalanced AVSD, VA discordance (1)

Drugs ACE inhibitor (6) ACE inhibitors (8)
Digoxin (2)

Data are mean (SD) and numbers of patients.

ACE, angiotensin converting enzyme; AVSD, afrioventricular septal defect; LV, left ventricle; RV, right ventricle;

VA, ventriculoarterial.

Measurements of changes in IVV (fig 3) with pacing
showed a similar relation for the three groups. These rate
related changes were not significantly different (p = 0.14).

Peak ejection phase velocity (S velocity) at the basal heart
rate was 7.8 (2.6), 2.5 (0.8), and 3.2 (1.7) cm/s in the normal
LV, UVH, dominant LV, and UVH, dominant RV, respectively.
S velocity (fig 4) with pacing was significantly greater in the
normal LV group than in patients with UVH (p < 0.0001).
This difference was clearly observed over the entire range of
heart rates studied. S wave velocities for the single RV group
were not significantly different from those of the single LV
group as heart rate increased (p = 0.12).

DISCUSSION

This study shows, for the first time, that ventricular FFRs can
be easily measured in patients with congenital heart disease
by using IVA derived from TDI recordings during transoeso-
phageal pacing. Basal and heart rate related changes in
performance of single ventricles was significantly depressed
compared with the normal LV. In patients with UVH, there
was no evidence that systemic RV function was differentially
depressed.

Non-invasive assessment of RV contractile performance
remains difficult and is further complicated in the UVH,
where abnormal cavity geometry may invalidate some of the
commonly used indices of function. Use of echocardiographic
indices such as dP/dt,,. from Doppler measurements of
regurgitation through atrioventricular valves or the myocar-
dial performance index, may be less dependent on geometry
but are significantly affected by changes in preload™ "> and
unable to measure the FFR.' Indeed, since the relative
change in contractile indices over a range of physiological
heart rates is non-linear in both normal and disease states, it
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Figure 1 Myocardial force—frequency relations measured in terms of

the tissue Doppler derived index isovolumic acceleration (IVA) for
functionally univentricular hearts with dominant left (LV) and right (RV)
ventricles and structurally normal hearts. Error bars represent SEM.
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Figure 2 Percentage change in IVA from basal value for each of the
three groups studied. Error %ors represent SEM.

may not be appropriate to ignore or “correct” such indices for
heart rate. The recently validated tissue Doppler index IVA
has been shown to be as sensitive as dP/dt;,.x in detecting
contractile change, is relatively independent of loading
conditions within a physiological range, and can measure
the FFR." '* This is important, as the ability to measure the
FFR may allow tailoring of treatment by modifying contrac-
tility through control of heart rate. Indeed, this is considered
to be one mechanism underlying the beneficial effects of
blockade in patients with heart failure, for example."”

Force-frequency relation
The FFR, a fundamental property of the myocardium to alter
contractile force with changes in heart rate, was first

15 —
—&— UVH, LIV
—— UVH, RV
—v— Normal
10 —
<
£
L
>
=
5 L
0
80 100 120 140 160 180

Heart rates (beats/min)

Figure 3 Rate related changes in isovolumic velocity (IVV) for the three
groups studied. Error bars represent SEM.
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Figrure 4 Rate related changes in peck ejection phase velocity (S
velocity) for the three study groups. Error Lars represent SEM.

described over a century ago.'® Most evidence points to
alterations in the rate of calcium cycling within the myocyte
with changes in stimulation frequency being the underlying
mechanism."”" As a result of abnormalities in this process
caused by disease states, such as dilated cardiomyopathy, for
example, reductions in maximum force generated, slope of
the FFR, and optimal stimulation frequency have been
observed in isolated muscle preparations” and clinically”
through invasive measurements of dP/dty,. This physiolo-
gical property is therefore important in the assessment of
ventricular contractile function but to date has required
cardiac catheterisation or in vitro measurements. Indeed, in
the only other study of FFR in patients with UVH,* similar
impairment of FFR was noted during invasive measurements
of dP/dt,,.x obtained during cardiac catheterisation. The
implication noted by the authors of that study was that
systolic calcium cycling was abnormal in these patients.
However, these data are difficult to interpret, as only eight
patients were studied (including three with UVH of RV type)
and only post-bidirectional Glenn, pre-Fontan patients were
studied. We studied 36 patients with UVH and so were able to
compare groups according to ventricular morphology as well
as operative subtype. In this study the assessment of changes
in tissue Doppler indices with transoesophageal atrial pacing
showed that contractility changed appropriately with increas-
ing heart rate in controls and in patients, albeit with differing
rate—contractility trajectories. It was also possible to measure
the optimal heart rate—that is, the rate at which contractility
was maximal in patients with normal hearts and in those
with a systemic RV. IVA was significantly lower in patients
than in controls at a basal heart rate of 90 beats/min, and the
curves separated further with faster rates. Peak contractile
force developed by the normal LV was superior to that of the
LV in the UVH circulation but not to that of the UVH RV
group, emphasising the importance of measuring the FFR in
the assessment of contractile performance and reserve. There
was, however, no difference in either absolute or percentage
change in IVA between the UVH groups and the normal LV.
IVV measured over the same range of heart rates, however,
did not differ significantly between the three patient groups.
This is probably due to the greater preload dependency of IVV
than of IVA."

IVA and S velocity of the single RV and single LV over the
range of heart rates studied were not significantly different.
Although this finding was initially surprising, RV muscle may
not be disadvantaged in comparison with LV muscle. Indeed,
over nearly all loading conditions, isolated RV muscle has
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been shown to shorten faster and have a shorter time to
attain peak total tension than LV muscle." Furthermore,
ventricular myocardium from patients with pressure loaded
RV in association with cyanosis has higher amounts of
embryonic or atrial myosin light chain 1,” which is also
associated with faster maximum velocity of unloaded short-
ening.”* While we cannot make inferences from the current
study about the amounts of embryonic or atrial myosin light
chain, it is interesting to speculate that measurement of IVA,
which because of its timing is essentially a measure of
“unloaded” myocardial contractile properties,"' may provide
added insights into myocardial performance in congenital
heart diseases.

Comparison of S velocity in normal LV versus UVH

S velocity for the UVH groups was significantly depressed in
comparison with the normal controls. S velocity has
previously been shown to correlate well with ejection fraction
but is prone to the same limitations in terms of load
dependency." '* ?7 Although it has not been previously seen
in patients with univentricular physiology, the finding of
significant S velocity depression is perhaps not unexpected. A
study of adult patients who had undergone the Fontan
operation showed significantly depressed ejection fraction by
radionuclide scanning.”® Furthermore, it has recently been
shown that ventricular afterload is significantly greater in
patients with the Fontan circulation than in patients with a
normal biventricular circulation.” This is an important
consideration when interpreting measurements of S velocity,
since it is affected by changes in afterload, as are all ejection
phase indices.

Published data show that the S velocity of the LV lateral
wall in an apical four chamber view increases gradually with
age.” Although study participants with normal hearts were
significantly older, the two UVH groups were of comparable
age. There are, however, few data regarding changes in S
velocities for the RV. A study of 160 normal children (mean
age 10.8 years, range 4.0-17.9 years) found median peak S
velocity of the basal RV free wall of 12.8 cm/s with 5th-95th
centiles lying between 10.7 and 16.5 cm/s.”' It is likely,
therefore, that S velocity in the UVH, dominant RV group (3.2
(1.7) cm/s) and the UVH, dominant LV group (2.5 (0.8) cm/
s) was significantly reduced in comparison with normal
hearts (7.8 (2.6) cm/s). The difference in age and, probably
more important, the difference in afterload must, however,
be considered.

Although S velocities increased with increasing heart rate,
the magnitude of change was not as great as that for IVA nor
IVV. The optimal heart rate was also lower when assessed by
S velocity. The greater dependence of S velocities on preload
is the likely explanation for this observation.

Study limitations

It was not possible to assess diastolic ventricular function
with our protocol. The decremental conduction properties of
the atrioventricular node in our patients studied under
general anaesthesia resulted in a lengthening of the diastolic
period with faster heart rates. Measurement of a ““force—
relaxation” curve was not possible in the majority of patients.
This variation in diastolic filling further emphasises the need
for a load independent index of contractility when attempt-
ing to measure the FFR in patients, clearly seen when
comparing the curves generated by changes in S velocity and
IVA. Validation of this technique by correlation with invasive
measures of contractile function such as dP/dt,,,x would be
complicated by the same problem of preload dependence, and
indeed may be even more affected in the Fontan circulation
due to the recognised increased dependence on preload in
these patients.

www.heartjnl.com
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We were unable to assess the contractile properties of the
UVH, dominant LV at rates faster than 170 beats/min. The
pacing protocol was stopped due to either atrioventricular
block or a significant fall in blood pressure, leaving only a
small number of patients with data at faster heart rates. It
appears, however, that the optimal heart rate was not
reached in the group of patients studied and it is possible
that the absolute maximum force generated by the UVH,
dominant LV may exceed that of the UVH, dominant RV. This
does not, however, detract from the observation that in
patients with UVH over the range of heart rates studied, the
dominant RV, compared with the dominant LV, performed at
a level more closely aligned with that of the LV of normal
controls.

Previous studies have shown incoordinate contraction in
this group of patients and we cannot assume that measure-
ment of IVA at a single point in the UVH represents global
function in the presence of incoordinate contraction.
However, a recent study comparing long axis function
assessed by echocardiography in adults patients with
incoordination after myocardial infarction showed a signifi-
cant correlation with ejection fraction.*

Lastly, our findings of altered contractile properties and
differences in FFR should only be interpreted in the context
of myocardial performance, not necessarily global circulatory
performance. Indeed haemodynamic influences, such as
diastolic,”” pulmonary vascular resistance,”” and ventriculo-
vascular coupling,® all contribute to basal and rate related
changes in cardiac output. That is not to say, however, that
knowledge of FFRs under these circumstances is not a
valuable addition to our understanding of this complex
haemodynamic milieu.

Conclusions

Ventricular FFR obtained by transoesophageal atrial pacing
and tissue Doppler echocardiography is easily measured non-
invasively even in patients with complex congenital heart
disease. These novel data show that the contractile force at
baseline is depressed in patients with UVH relative to the
normal LV. Contractile reserve of the systemic RV, however,
is no different from that of the LV.

ACKNOWLEDGEMENTS

This work was supported by an unrestricted educational grant from
GE Vingmed Ultrasound, Horten, Norway and by the Heart and
Stroke Foundation of Canada. MMHC is supported by a Research
Fellowship from the Heart and Stroke Foundation of Ontario.

Authors’ offiliations

M M H Cheung, J F Smallhorn, B W McCrindle, G S Van Arsdell,

A N Redington, Divisions of Cardiology and Cardiovascular Surgery,
Hospital for Sick Children, Toronto, Ontario, Canada

REFERENCES

1 Sluysmans T, Sanders SP, van der Velde M, et al. Natural history and patterns
of recovery of contractile function in single left ventricle after Fontan operation.
Circulation 1992;86:1753-61.

2 Fogel MA, Gupta KB, Weinberg PM, et al. Regional wall motion and strain
analysis across stages of Fontan reconstruction by magnetic resonance
tagging. Am J Physiol 1995;269:H1132-52.

3 Penny DJ, Rigb ML, Redington AN. Abnormal patterns of intraventricular
flow and diastofi,c filling after the Fontan operation: evidence for incoordinate
ventricular wall motion. Br Heart J 1991,66:375-8.

4 Penny DJ, Redington AN. Angiographic demonstration of incoordinate
motion of the ventricular wall after the Fontan operation. Br Heart J
1991,66:456-9.

5 Cheung YF, Penny D, Redington AN. Serial assessment of left ventricular
diastolic function after Fontan procedure. Heart 2000;83:420-4.

www.heartjnl.com

20
21

22

23

24
25

26

28

29

30

31

32
33

Cheung, Smallhorn, McCrindle, et al

Gewillig MH, Lundstrom UR, Deanfield JE, et al. Impact of Fontan operation
on left ventricular size and contractility in tricuspid atresia. Circulation
1990;81:118-27.

Derrick GP, Narang |, White PA, et al. Failure of stroke volume augmentation
during exercise ang dobutamine stress is unrelated to load-independent
indexes of right ventricular performance after the Mustard operation.
Circulation, 2000 7, 102(19 suppl 3):111154-9.

Gentles TL, Gauvreau K, Mayer JE Jr, et al. Functional outcome affer the
Fontan operation: factors influencing late morbidity. J Thorac Cardiovasc
Surg. 1997;114: 392-403; discussion 404-5).

Gaynor JW, Bridges ND, Cohen MI, et al. Predictors of outcome after the
Fontan operation: is hypoplastic left heart syndrome still a risk factor? J Thorac
Cardiovasc Surg 2002;123:237-45.

Rouleau JL, Paradis P, Shenasa H, et al. Faster time to peak tension and
velocity of shortening in right versus left ventricular trabeculae and papillary
muscles of dogs. Circ Res 1986,59:556-61.

Vogel M, Cheung MM, Li J, et al. Noninvasive assessment of left ventricular
force-frequency relationships using tissue Doppler-derived isovolumic
acceleration: validation in an animal model. Circulation 2003;107:1647-52.
Vogel M, Schmidt MR, Kristiansen SB, et al. Validation of myocardial
acceleration during isovolumic contraction as a novel noninvasive index of
right ventricular confracfi|i3/: comparison with ventricular pressure-volume
rjctions in an animal model. Circulation 2002;105:1693-9.

Benson DW Jr, Sanford M, Dunnigan A, et al. Transesophageal atrial pacing
threshold: role of interelectrode spacing, pulse width and catheter insertion
depth. Am J Cardiol 1984;53:63-7.

Kass DA, Maughan WL, Guo ZM, et al. Comparative influence of load versus
inotropic states on indexes of ventricular contractility: experimental and
theoretical analysis based on pressure-volume relationships. Circulation
1987,76:1422-36.

Moller JE, Poulsen SH, Egstrup K. Effect of preload alternations on a new
Doppler echocardiographic index of combined systolic and diastolic
performance. J Am Soc Echocardiogr 1999;12:1065-72.

Poulsen SH, Nielsen JC, Andersen HR. The influence of heart rate on the
Doppler-derived myocardial performance index. J Am Soc Echocardiogr
2000;13:379-84.

Alpert NR, Leavitt BJ, Itleman FP, et al. A mechanistic analysis of the force-
frequency relation in non-failing and progressively failing human
myocard{um. Basic Res Cardio?]998;93(supp| 1):23-32.

Bowditch HP. Uber die Eigenthimlichtkeiten der Reizbarkeit, welche die
Muskelfasern des Herzens zeigen. Ber Séichs Akad Wiss 1871,23:652-89.
Gwathmey JK, Slawsky MT, Hajjar RJ, et al. Role of intracellular calcium
handling in force-interval relationships of human ventricular myocardium.

J Clin Invest 1990;85:1599-613, .

Lee HC, Clusin WT. Cytosolic calcium staircase in cultured myocardial cells.
Circ Res 1987;61:934-9.

Pieske B, Kretschmann B, Meyer M, et al. Alterations in intracellular calcium
handling associated with the inverse force-frequency relation in human dilated
cardiomyopathy. Circulation 1995;92:1169-78.

Cotton JM, Kearney MT, MacCarthy PA, et al. Effects of nitric oxide synthase
inhibition on basal function and the force-frequency relationship in the normal
and fai|ing human heart in vivo. Circulation 2001;104:2318-23.

Erenberg FG, Banerjee A. Systolic and diastolic properties of univentricular
hearts in children: insights from physiologic indices that reflect calcium cycling.
Pediatr Res 2003;54:885-91.

Auckland LM, Lambert SJ, Cummins P. Cardiac myosin light and heavy chain
isotypes in tetralogy of Fallot. Cardiovasc Res 1986,20:828-36.

Morano M, Zacharzowski U, Maier M, et al. Regulation of human heart
contractility by essential myosin light chain isoforms. J Clin Invest
1996,98:467-73.

Bottinelli R, Canepari M, Cappelli V, et al. Maximum speed of shortening and
ATPase activity in atrial and ventricular myocardia of hyperthyroid rats. Am J
Physiol 1995;269:C785-90.

Brodin LA, Lind B, Lang H, et al. The influence of changes in loading
conditions on myocardial velocities measured by tissue Doppler [abstract
1865]. Circulation, 2000;102(suppl Il).

Harrison DA, Liu P, Walters JE, et al. Cardiopulmonary function in adult
patients late after Fontan repair. J Am Coll Cardiol 1995;26:1016-21.
Senzaki H, Masutani S, Kobayashi J, et al. Ventricular afferload and
ventricular work in Fontan circulation: comparison with normal two-ventricle
circulation and single-ventricle circulation with Blalock-Taussig shunts.
Circulation 2002;105:2885-92.

Mori K, Hayabuchi Y, Kuroda Y, et al. Left ventricular wall motion velocities in
healthy children measured by pulsed wave Doppler tissue echocardiography:
normal values and relation to age and heart rate. J Am Soc Echocardiogr
2000;13:1002-11.

Kapusta L, Thijssen JM, Cuypers MH, et al. Assessment of myocardial
velocities in healthy children using tissue Doppler imaging. Ultrasound Med
Biol 2000,26:229-37.

Stoylen A, Skjaerpe T. Systolic long axis function of the left ventricle: global
angregioncd information. Scand Cardiovasc J 2003;37:253-8.
Khambadkone S, Li J, de Leval MR, et al. Basal pulmonary vascular resistance
and nitric oxide responsiveness late after Fontan-type operation. Circulation
2003;107:3204-8.



